Introduction 19 20
Fatty acid synthesis (FASII) pathway enzymes are priority targets for ongoing drug development 21 against methicillin resistant Staphylococcus aureus (MRSA) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . However, anti-FASII efficacy 22 remains a critical point of debate (12) (13) (14) . Remarkably, S. aureus FASII sensitivity versus tolerance 23 hinges on a single issue; whether environmental fatty acids (eFA) can occupy the presumably 24 stringent 2-position of membrane phospholipids (the 1-position is permissive) (7, 14) . Anti-FASII 25 resistance due to mutations affecting the target enzyme or to horizontal transfer of an antibiotic-26 resistant gene homologue may occur and are often antibiotic-specific (15, 16) . In contrast, resistant 27 mutants that allow compensatory fatty acid utilization at both phospholipid positions were isolated 28 and also found in clinical isolates; these mutants map in FASII initiation genes distinct from the gene 29 encoding the antibiotic target protein (17) (18) (19) . Despite emergence of mutations, continued FASII-30 targeted drug development is rationalized by the accepted postulate that the general wild type S. 31 aureus population must synthesize branched chain fatty acid anteiso 15:0 (ai15) to complete 32 membrane phospholipids (1, 3, 5, 8-11, 14, 20) . We investigated this postulate, and report here that 33 an alternative antibiotic adaptation mechanism is functional in host environments, which enables S. tests are decisional checkpoints for antibiotic development. FASII antibiotic challenge tests to date 40 administer treatments within minutes to a few hours post-infection (summarized in (19) ), i.e., prior 41 to bacterial dissemination to host organs, and before clinical symptoms would call for antibiotic 42 treatment (21, 22) . This consideration guided the design of the infection and treatment protocol 43 used here (Fig. 1A) . S. aureus methicillin resistant strain USA300 was administered by the intravenous 44 route. Antibiotic treatments were initiated 16 h (T16) post-infection, at which time animals exhibited 45 signs of sickness (lethargy and ruffled fur). Group 1 received no treatment. At T16, Group 2 received 46 AFN-1252 a pipeline FASII antibiotic AFN-1252 targeting FabI, an enoyl-acyl-carrier-protein-47 cultures, to 8 h and 10 h for USA300 and Newman respectively, and was followed by near-normal 66 growth ( Fig. 2A, Fig. S1A ). If S. aureus outgrowth were due to triclosan titration by serum, FASII 67 would remain active, so that bacterial fatty acid composition would be endogenous. However, the 68 contrary occurred: bacterial fatty acid profiles during outgrowth in SerFA-Tric medium were totally 69 exogenous (Fig 2B, Fig. S1B ). Addition of albumin, a major serum constituent, rather than full serum 70 also resulted in FASII bypass (available upon request). Similarly, when USA300 was grown with liver 71 or kidney extracts (without added fatty acids) and triclosan, outgrowth kinetics were similar to those 72 of SerFA-Tric cultures, and cells bypassed the FASII block by incorporating fatty acids from organ 73 lipids (Fig. S2) . 74
Importantly, pre-incubation in SerFA prior to FASII antibiotic treatments shortened the time 75 prior to S. aureus outgrowth. USA300 was challenged with the AFN-1252, which led to a longer (10 h) 76 latency phase prior to outgrowth than did triclosan. However, pre-incubation in serum shortened 77 latency compared to that in non-selective medium to around 6½ h for both drugs (Fig. S3) , indicating 78 that bacterial pre-exposure to the lipid-rich host environment contributes to limiting FASII antibiotic 79
efficacy. 80
Staphylococcus epidermidis, haemolyticus, and lugdugensis are emerging pathogens that, like 81 S. aureus, synthesize branched chain fatty acids (Fig. S4) . Representative strains were grown in SerFA 82
and treated with AFN-1252 as above. All cultures grew after overnight incubation and displayed 83 exogenous fatty acid profiles, indicating that these staphylococcal species also bypass FASII 84
inhibitors. 85
These results show that in serum, S. aureus and other staphylococcal species escape anti-86 FASII inhibition and maintain robust growth by replacing endogenously synthesized fatty acids with 87 eFA. They indicate that serum does not prevent, but actually enhances eFA incorporation by S. 88
aureus. 89 90
Adaptation to FASII inhibitors is not due to FASII mutations. Mutations in FASII initiation genes may 91 lead to antibiotic resistance (14, (17) (18) (19) . We monitored mutations in FASII antibiotic-adapted USA300 92 or Newman strains by DNAseq, using FASII inhibitors triclosan or AFN-1252 (Table S1 ). DNAseq of 93 USA300 grown in BHI and SerFA, and Newman grown in BHI were used as references. Adaptation 94 was confirmed by exogenous fatty acid profiles of antibiotic-grown samples in 12-14 h cultures. Eight 95 of nine adapted strains carried wild type FASII genes (the exception was mutated in SAUSA300_1476 96 encoding FASII initiation gene accB). One isolate displayed no detectable genome mutations. The 97 other clones carried SNPs corresponding to commonly found variants and are thus likely unrelated to 98 FASII antibiotic adaptation (described in Table S1 ). The absence of FASII mutations in FASII-antibiotic-99 adapted clones in serum distinguishes this adaptation mechanism from resistance due to FASII 100 mutations (15, 18) . S. aureus evasion of FASII antibiotics in serum identifies a novel strategy of 101 condition-dependent adaptation. 102
103
Serum lowers fatty-acid-induced bacterial membrane permeability and improves fitness. 104
Numerous fatty acids perturb bacterial membrane integrity and are a source of stress, while serum 105 albumin neutralizes these effects (24, 25, 27, 28). Accordingly, serum abolished the eFA-provoked 106 growth lag in non-selective medium ( Fig. 2A) . Serum effects on S. aureus cell vitality and 107 permeability, and cell state, were examined. Free fatty acids had strong permeabilizing effects on 108 cells from FA and FA-Tric, as compared to BHI cultures, as evaluated by fluorescence microscopy; 109 these effects were offset by serum in SerFA and SerFA-Tric cultures (Fig. 2C, Fig. S5A, S5B ). Plating 110 efficiency was ~10 3 -fold higher after 6 h growth in SerFA-Tric compared to FA-Tric (Fig. 2D) . The 111 accumulation of tetrads comprising mixed-stained cells in triclosan-treated cultures suggested a cell 112 division block, which could explain the observed latency prior to outgrowth (Fig. S5C) . Importantly, 113 serum facilitates fatty acid incorporation in the latency period, as seen in 6 h FA-Tric and SerFA-Tric 114 cultures (Fig. 2E) . The bacterial stress state in FA-Tric supplemented or not with serum was also 115 assessed by a proteomics approach (Fig. S6) . Differences in stress-related protein abundance 116 between anti-FASII-treated versus control cultures were overall more pronounced when serum was 117 absent. Serum therefore improves S. aureus fitness in fatty acid-containing environments and 118 contributes to FASII antibiotic adaptation via eFA incorporation. 119
120
Retention of the FASII bypass precursors acyl carrier protein (ACP) and eFA is increased in serum. 121 adaptation, ACP and eFA. ACP is required for both de novo fatty acid synthesis via FASII, and for eFA 123 incorporation in the phospholipid 2-position ( Fig. 3A) (18, 29) . eFA induce membrane leakage that 124 depletes S. aureus ACP pools, and could limit eFA incorporation during FASII inhibition (14, 28) . S. 125 aureus ACP pools were compared by immunoblotting using anti-ACP antibodies in total extracts from 126 cultures grown without and with serum and triclosan (Fig. 3B) . ACP levels were lower in extracts from 127 cells grown in eFA compared to BHI medium, as reported (28). ACP was barely detected in FA-Tric-128 grown cells after 2 h, and remained low at 4 h. In contrast, serum addition reversed this effect, 129 leading to greater intracellular ACP availability. 130
Intracellular eFA pools are limited by a recently characterized S. aureus fatty acid efflux 131 pump, FarE, which is induced by unsaturated eFA (30, 31). Proteomics analysis (described above) 132 confirmed high FarE expression in all eFA-containing media without serum. In contrast, nearly no 133
FarE was detected in cells issued from serum-containing cultures despite the presence of eFA (Fig.  134   3C ). Greater S. aureus intracellular retention of ACP and eFA in serum is consistent with more 135 efficient eFA incorporation and FASII antibiotic adaptation (Fig. 2E) . eFA incorporation at both phospholipid positions (Fig 2B, Fig. S1B ). However, eFA incorporation in 143 both S. aureus phospholipid positions could be a last resort choice when the preferred substrate ai15 144 is unavailable. Alternatively, the use of eFA versus ai15 may simply depend on intracellular substrate 145 availability, which increases in serum. eFA incorporation was assessed in non-selective conditions to 146 discriminate between these alternative hypotheses. To remove ambiguity in distinguishing 147 endogenous from exogenous fatty acids in phospholipid identifications, a cocktail of unsaturated eFA 148 17:1trans (tr) and 18:1cis prepared in delipidated serum (dSer2FA medium) was used to supplement 149 S. aureus USA300 growth. Although structurally distinct from S. aureus endogenous fatty acids, 17:1tr 150 and 18:1cis did not interfere with growth in the serum-containing medium (OD 600 = 6.4 for both BHI 151
and dSer2FA cultures at 6 h). In this non-selective growth condition, 17:1tr and 18:1cis comprised 152 about 60% of the total fatty acid content (Fig. 4A, Fig. S7A ) at the expense of straight chain saturated 153 fatty acids, which decreased from 50% in BHI, to about 10% in dSer2FA cultures. Importantly, eFA 154 occupied both positions in phosphatidylglycerol (PGly) phospholipids after 6 h without antibiotic (Fig.  155 4B, Table S2 ). These results prove that wild type S. aureus incorporates dissimilar fatty acids in both 156 phospholipid positions without the need for FASII antibiotic selection, and rule out previously 157 assumed fatty acid selectivity of phospholipid-synthesizing enzymes. 158
Fatty acid and PGly profiles were determined 4, 6, 8, 10 , and 15 h after USA300 treatment 159 with AFN-1252 or triclosan, in parallel with OD 600 (Fig. S7B, Fig. S8 ). For both FASII antibiotics, 160 bacterial transition from mixed to exclusively exogenous fatty acids was concomitant with outgrowth 161 from latency starting at 8 h post-treatment, and was completed at 10 h (Figs. S8A, S8C ). For both 162 FASII antibiotic treatments, predominant phospholipid species at 10 h were totally exogenous 163 (18:1cis|18:1cis, 17:1tr|17:1tr, and 18:1cis|17:1tr; Fig. S8B and S8D, Table S3 
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Surewaard Balb/C mice were infected intravenously at T0 with 1x10 7 CFU USA300. AFN-1252 or vancomycin (control for antibiotic efficacy) was administered at T16 h when mice first showed signs of infection (lethargy, ruffled fur), and at regular intervals thereafter until animals were euthanized. B. CFUs were determined in organs upon sacrifice, at T40 h, and T88 h. The above data are pooled from two independently performed experiments. Black lines indicate median CFU corrected to per gram/organ. ***, p<0.001; **, p<0.01; ns, non-significant. Y axis, CFU. Fatty acid profiles. USA300 in BHI (left), displays endogenous fatty acids; SerFA-Tric-grown cells comprise exclusively eFAs. Black arrow indicates endogenously produced ai15. eFA: 1, C14:0; 2, C16:0, 3, C18:1. Representative fatty acid profiles from over 10 determinations are shown. C. Cell vitality and permeability were evaluated by fluorescence microscopy using respectively Syto9 TM and propidium iodide (PI) probes. USA300 was grown in FA-Tric and SerFA-Tric for 6 h; mid-exponential phase cultures in BHI, FA, and SerFA were used as references. Proportions of vital and permeable bacteria were determined on ~10,000 bacteria per condition, issued from 3 independent experiments giving comparable images (Fig. S5) . Proportions of vital (green), permeable (red), and mixed cell clusters (yellow) are shown. D. CFUs were determined in parallel on three independent cultures per condition: BHI starting culture [T0], FA-Tric, and SerFA-Tric samples [T6 = 6 h]). E. Fatty acid profiles were determined on 4 biological replicates grown as in 'C'. Proportions of eFA compared to total fatty acids are shown after 6 h selection. Note that fatty acid profiles are fully exogenous upon outgrowth. 18) . B. Low stress: Serum (yellow disk) or other host components reduce eFA toxicity ((24), this report), and improve membrane integrity. Higher ACP and/or eFA-PO 4 pools drive PlsX directionality to eFA-ACP production. eFA-ACP, and endogenous acyl-ACP (if not blocked by anti-FASII), compete for phospholipid synthesis at the 2-position via PlsC. eFA occupy both phospholipid positions even without FASII antibiotics (Fig. 4B) . eFA (green) and ACP (blue) abundance is represented by font size; phospholipids, "π" form; thick arrows, favored reactions; thin arrows, reduced reactions. Dashed circle, permeable membrane; solid circle, intact membrane. PlsY mediates eFA incorporation in the phospholipid 1-position; PlsX and PlsC, catalyze fatty acid insertion in the phospholipid 2-position. Only eFA processing is presented. Tested USA300 derivatives from the Nebraska library contained insertions in the following genes: spa (SAUSA300_0113 encoding immunoglobulin G binding protein A), SAUSA300_0226, SAUSA300_0242, SAUSA300_0407, SAUSA300_1177, and SAUSA300_1684 (see Table S1 ).
Growth media. BHI medium was used for S. aureus growth except in media containing liver extracts.
Kidney and liver extracts were prepared as described (2) and used at 3% final concentration and used in BHI or LB medium. Fatty acids (Larodan, Sweden) were prepared as 100 mM stocks in dimethyl sulfoxide (DMSO). The three fatty acid mixture (referred to as « FA ») comprising C14:0 (myristic acid), C16:0 (palmitic acid), and C18:1cis (oleic acid) was prepared in a 1:1:1 ratio (0.17 mM each).
The two fatty acid mixture comprising C17:1trans and C18:1cis was used at a 1:1 ratio (0.25 mM each); the more rigid 17:1trans species was added to limit membrane fluidity due to C18:1cis.
Newborn calf serum (Sigma-Aldrich, France), or delipidated calf serum (Eurobio, France) was added to growth medium (10% final concentration) as indicated. Triclosan (referred to as "Tric"; Irgasan;
Sigma-Aldrich) was added at 250 ng/ml and 500 ng/ml in medium without and with serum respectively; this corresponds to 15-30 times the minimum inhibitory concentrations (MIC) as determined on BHI medium (2). AFN-1252 (referred to as "AFN"; MedChem Express) was added at 500 ng/ml in all media, which corresponds to about 100-fold the reported S. aureus MIC (~4-8 ng/ml; (3, 4)). FASII inhibitors were prepared in DMSO (1 mg/ml) for all in vitro experiments. Sample dilutions were plated on solid BHI medium for CFU determinations.
Infection and antibiotic treatments in mouse septicemia model. Animals were housed in the Institut

Determination of S. aureus fatty acid profiles. Aliquots of S. aureus cultures (routinely an OD 600
equivalent ≥1 was used) were centrifuged and washed once in 0.9% NaCl containing 0.02% Triton X-100, followed by two washes in 0.9% NaCl. Whole cell esterified fatty acid determinations were then done as described (7) . Briefly, cell pellets were treated with 0. Proteomic analyses of USA300 responses to anti-FASII. Four independent overnight BHI precultures of USA300 spa::Tn strain were used to inoculate BHI, FA, SerFA, FA-Tric, or SerFA-Tric media at OD600 = 0.1. Culture extracts were prepared as described for Western blotting, and after verification of protein concentration and quality, 10 μg of each protein sample was short-run on SDS-PAGE.
Further sample treatment by LC-MS/MS, and bioinformatics and statistical analyses of data are as described (9) . The reference genome GenBank Nucleotide accession code NC_007793.1 was used for protein annotation. The complete list of proteins expressed in the five growth conditions is available on the Mendeley database (doi:10.17632/9292c75797.1;
https://data.mendeley.com/datasets/9292c75797/draft?a=bb34343b-6314-4421-89bd-b25e2bbdb0df) upon publication.
Extraction of polar membrane lipids.
Lipid extractions were performed as described with modifications (10, 11). Briefly, freeze-dried cell material (100 mg) was extracted with 9.5 ml of chloroform-methanol 0.3% NaCl (1:2:0.8 v/v/v) at 80°C for 15 min. All following steps were done at room temperature. Extracts were vortexed for 1 h and centrifuged for 15 min at 4000 rpm.
Supernatants were collected and cell debris was re-extracted with 9.5 ml of the same mixture, vortexed for 30 min, and centrifuged. Supernatants were then pooled and 5 ml each of chloroform and 0.3% NaCl was added and mixed. Phase separation was achieved by centrifugation at 4000 rpm for 15 min. The upper phase was discarded and the collected chloroform phase was evaporated to dryness under a nitrogen stream and stored at -20°C.
Phosphatidylglycerol identification. The polar membrane lipid samples were injected in chloroform in a chromatographic system (ThermoFisher Scientific) including a Dionex U-3000 quaternary RSLC, a WPS-3000RS autosampler and a column oven. Lipid separation was carried out by liquid chromatography on a PVA-Sil column (150 x 2.1 mm I.D., 120 A) (YMC Europe GmbH) with a 10x2 mm guard column packed with the same material. Column temperature was thermostatically controlled at 35°C. The chromatographic method separates phospholipids according to class, and was performed as described (12, 13) .
For phosphatidylglycerol species identification, this system was coupled to an LTQ-Orbitrap Velos Pro (ThermoFisher) equipped with an H-ESI II probe. Spray voltage was set at 3.3 kV. Heater temperature of the probe was set at 200°C. Sheath gas, auxiliary gas and sweep gas flow rates were set at 20, 8 and 0 (arbitrary unit) respectively. Capillary temperature was set at 325°C and S-lens RF level at 60%. Analysis was performed in negative mode to obtain structural information on phosphatidylglycerol fatty chains. The mass spectrometer is equipped with two analyzers: a double linear ion trap (LTQ Velos Pro) for fragmentation at low resolution and an orbital trap (Orbitrap©) for high resolution detection. Detection was performed in full MS Scan with 100,000 resolution and data dependent MS 2 and MS 3 with collision induced dissociation (CID; collision energy set at 35).
Chromatographic retention time was used for polar head identification by comparing to commercial standards. Phospholipid identification was performed using high resolution mass full scan to obtain the formula of the entire PG species (14) , and MS S. aureus USA300 strain was grown overnight in: BHI and LB, and BHI plus 3% pork kidney and LB plus 3% pork liver extracts to which Triclosan (0.5 µg/ml) was added. Organ preparation and extractions for gas chromatography are described (Materials and Methods; (1)). Organ fatty acids are: 2-C16:0; 3-C18:1; 4-C18:0; 5-C18:2; 6-C20:4. Results are representative of two independent experiments in each condition. S. aureus endogenous fatty acid ai15 is indicated by a black arrow. Liver-Tric . Impact of preadaptation in serum on S. aureus FASII antibiotic adaptation. Bacteria are generally exposed to the lipid-rich host environment prior to antibiotic treatment. Here, USA300 was precultured in BHI and in SerFA medium, and then challenged with either triclosan (green triangles) or AFN-1252 (orange squares). Growth of antibiotic-challenged cultures without preadaptation (empty markers) or with preadaptation (preadapt; filled markers) was followed by optical density (OD 600 ) for 13 h. All FASII-antibiotic-treated cultures displayed exogenous fatty acid profiles at this time (available on reqques). Growth curves show the average and range of three biological replicates from one of two independent comparable experiments. Table S3A (dSer2FA-AFN) and Table S3B (dSer2FA-Tric). BHI and dSerFA cultures (Fig. 4) were analyzed together with this experiment. 
